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Storm/substorm signatures in the outer radiation belt 

A. Korth, R. H. W. Friedel1 and C. Mouikis 
Max-Planck-Institut für Aeronomie, Lindau, Germany 

J. F. Fennell 
The Aerospace Corporation, El Scgnndo, USA 

Abstract. The response of the ring current region is 
compared for periods of storm and substorm activity, 
with an attempt to isolate the contributions of both 
processes. We investigate CRRES particle data in an 
overview format that allows the display of long-term 
variations of the outer radiation belt. We compare the 
evolution of the ring current population to indicators 
of storm (Dst) and substorm (AE) activity and ex- 
amine compositional changes. Substorm activity leads 
to the intensification of the ring current at higher L 
(L ~ 6) and lower ring current energies compared to 
storms (L ~ 4). The 0+/H+ ratio during substorms 
remains low, near 10%, but is much enhanced during 
storms (can exceed 100%). We conclude that repeated 
substorms with an AE ~ 900 nT lead to a ADst of 
~ 30 nT, but do not contribute to Dst during storm 
main phase as substorm injections do not form a sym- 
metric ring current during such disturbed times. 

Introduction 

The role of storms in the filling of the radiation belts 
and the ring current region has been well established 
[Lui et al., 1987; Lyons and Williams, 1975]. The 
exact role that substorms can play in this scenario is 
still a matter of debate. 

Substorms generally occur more frequently during 
the active phase of a storm, and can substantially 
modify the recovery behavior of storms Gonzalez et al. 
[1994], leading to a much slower recovery in the pres- 
ence of multiple substorms. It has been difficult up 
to now to differentiate between storm only changes in 
the ring current (Dst) and the substorm contribution 
to these changes. McPherron [1997] in his statisti- 
cal study of the role of substorms during magnetic 
storms concludes that the effect of particles injected 

'Now   at   NIS-2,   Los   Alamos   National   Laboratory,   Los 
Alamos, New Mexico, USA 

during substorm expansion phase is undetectable in 
the pressure corrected Dst. index. On the other hand, 
Gonzalez et al. [1994] shows clearly how continuous 
substorm activity in the recovery phase can keep Dst 
depressed for days after a storm. Simulation work 
with the Magnetospheric Specification and Forecast 
Model Wolf et al. [1997] has addressed this question 
as well. They concluded that potential convection 
electric fields during the storm main phase play a far 
more important role in ring current injection than do 
substorm-associated induction fields. They also show 
that when the magnetosphere is highly compressed 
> 50 keV ions are shadowed by the magnetosphere. 
Substorm injections during such times are thus un- 
likely to yield symmetric ring current contributions 
and do not have long lifetimes. 

To compliment the statistical and modeling work 
mentioned above We investigate here particle popu- 
lations as measured in the inner magnetosphere. We 
extend here on the work of Korth and Friedel [1997] 
which investigated storm-time dynamics to include 
substorm-only times as well. We present electron and 
ion composition measurements over the whole outer 
region for two separate events - one a classic storm 
and one a series of substorms which in their Dst sig- 
natures would be classed as a "small storm" [Gonza- 
lez et al., 1994]. By separating out the two classes 
of events, which normally occur as a superposition 
of one another, we can determine their individual re- 
sponses. We further include ion composition measure- 
ments, in order to determine the contribution of indi- 
vidual species to the ring current density. 

Mission and Instrumentation 

This study uses particle measurements on the Com- 
bined Release and Radiation Effects Satellite (CR- 
RES), which had an elliptical, 18.1° inclination orbit, 
and covered the regions up to L = 8, giving an L- 
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Plate 1. Data for the intense storm 9/10 October 1990. See text for details. 

The color version of this plate is available from J. F. Fennell. 
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profile twice an orbit, at magnetic latitudes mostly 
within 20° of the magnetic equator. 

On CRRES, the Medium Electrons B spectrometer 
(MEB, Korth et al. [1992]) covers electrons from 21 
keV to 285 keV and total ions (no composition) from 
37 keV to 3.2 MeV. The Medium Electrons A spec- 
trometer (MEA, Vampola et al. [1992]) covers elec- 
trons from 143 keV to 1.58 MeV. The Magnetospheric 
Ion Composition Spectrometer (MICS, Wilken et al. 
[1992]) measures the mass, energy, and the charge of 
particles with energies of 1-430 keV/charge. 

Observations 

The data presented in this paper are L-sorted plots 
versus time of the type used by Friedel and Korth 
[1995]; Korth and Friedel [1997]. For each half-orbit 
(4:55 hours) the data binned in 0.2 L which is one ver- 
tical stripe in the plots. L-values are from the Olson- 
Pfitzer 1977 quiet model. Magnetic latitude depen- 
dence is corrected in the MEB data set [Friedel and 
Korth, 1995]. 

In Plates 1,2 the panels are numbered in red from 
the top, 1 -> 11. 

Panels 10, 11 show Dst as a measure of the ring 
current, and the AE as a measure of substorm activity. 

Panels 1-9 show the particle populations inside the 
magnetosphere: 

Panels 5-7 displays three ion flux channels with 
peak energies of 45.5, 61.5, and 99 keV and panels 
8 and 9 two electron flux channels with peak energies 
of 26 and 212.5 keV. This energy range represents the 
peak of the ring current density (30-300 keV). 

Panel 4 displays the energy density of all ions 
(mostly H+) in the ring current, as determined from 
the MEB instrument. 

Panels 1 to 3 show the energy density of heavier 
ions (0+, He+, He++). 

Classic Storm (9/10 October 1990) 

An isolated magnetic storm (Dst = —133 nT) is 
shown in Plate 1 over a time period of 17 days. The 
(Bz, AT) trigger of -8.7 nT for about 10 hours indi- 
cates an intense storm [Gonzalez et al., 1994]. North- 
ward turning of Bz (solid line) initiates the recovery 
phase. 

Comparing Plands 10 and 11 shows that the nor- 
mal exponential recovery of the storm in Dst is de- 
layed at the time of onset of a series of substorms. The 

particles injected by these substorms are not clearly 
seen except at high L in Panel 9. 

We identify the maximum of the outer radiation 
belt in this energy range (panel 4) as being roughly 
the "position" of the ring current. The prestorm max- 
imum is between L=3.5-5.5 for these energies. With 
the beginning of the recovery phase the ring current 
intensifies (electrons and ions) and the maximum is 
displaced earthward by about half an Earth radius. 
The slot region narrows and widens again later. 

He++ (alpha particles) have direct access during 
the storm and decay due to charge exchange to He+ 

and diffuse radially inward during the storm recov- 
ery phase, and thus reach their maximum intensity 
~ 5 hours after recovery onset. The maximum energy 
density of He++ is between L = 4.5 -> 6, further out 
than the main ring current density. Due to the low 
fluxes during this event, and the delayed appearance 
these ions do not contribute to the main phase of the 
storm but may contribute to the delay in recovery. 
However, the He++ flux observed depends very much 
on the solar wind composition. For the storms investi- 
gated so far the energy density ratio of He++/H+ can 
vary between 2% and 30%. 

0+ is of ionospheric source and together with He+ 

intensifies at storm recovery, and constitutes part of 
the ring current between L = 3.5 -> 5.5, closer in 
than the He++ contribution. The energy density ratio 
of He+/H+ and 0+/H+ is 0.02 and 0.22, respectively. 
The ratio increases normally with increasing Dst and 
for 0+/H+ in particular can reach 50% [Daglis, 1997]. 
0+ can thus be a major ring current constituent dur- 
ing storms. He+ is low as it depends on He++. The 
contribution of the heavy ions in the ring current de- 
caying on a shorter time scale (a few days) compared 
within the main ring current. The intensities in Panel 
1 to 3 drop off quickly after 3 days, at which time Dst 
also shows an accelerated recovery. 

Substorms Series (6-16 February 1991) 

Plate 2 shows a ten days period during which we 
observe continuous substorm activity. A solid line 
indicates the onset of this activity and the begin- 
ning of a decrease in Dst to a minimum of -34 nT. 
Each major peak in AE is associated with a decrease 
in Dst. During this time the J3--component of the 
IMF (not shown) exhibits small-amplitude fluctua- 
tions with negative excursions between 1.5 and 4.5 nT 
for durations of up to four hours. 

The AE index fluctuations are reflected by the in- 
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Plate 2. Data for the series of substorms 6-16 February 1991. See text for details. 

The color version of this plate is available from J. F. Fennell. 
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jections (substorms) of low energy electrons with peak 
energies of 26 keV (panel 9) at L-values between 5 and 
7. These injected particles diffuse radially inward and 
lead to a symmetric ring current. An intensification 
of the ring current is also observed in the 212.5 keV 
electron channel. In the ion channels ring current in- 
tensification is seen only for energies up to 85 keV. 
The 99 keV ion channel (panel 5) indicates no flux 
intensification which means that the intensity of the 
quiet ring current is not changing evidently during the 
ten days period. The maximum of the quiet time ring 
current is about at L = 5, whereas the maximum of 
the injected particles are further out at L = 5.5. 

The composition response shows marked differences 
compared with the storm case. 0+ shows short-lived 
responses to individual AE events, which occur fur- 
ther out near L = 6. He++ shows a build up also 
near L = 6, showing solar wind plasma access to the 
inner magnetosphere during substorms. He++ builds 
up slowly and has a longer lifetime than 0+, forming a 
more continuous belt at L = 6. The delayed response 
of He+ is consistent with the charge-exchange depen- 
dence on He++, "outliving" He++ by the same delay 
of about one day. 

He++ reaches a maximum He++/H+ energy density 
ratio levels of 2%, and thus has a negligible effect on 
Dst. The energy density ratio for 0+/H+ is 9%, and 
that for He+/H+ 6% . Thus none of the heavier ions 
are major contributors to substorm related changes in 
Dst. 

Summary 

CRRES particle data in a L versus time format al- 
lows tracking of the radiation belt particle population 
during storms and substorms. 

During storm the observable effect of substorms 
seems to be limited to delaying the recovery phase, 
while the data shows no clear indication of substorm 
injections down to the main body of the ring current 
during the storm onset phase. The main body of the 
ring current moves inwards from it's normal position 
of L=4.5-5 and intensifies, which correlated well with 
the behavior of Dst. Thus our data does not sup- 
port the Chapman's original hypothesis storm = £ 
substorms. 

The observed dramatic increase in the 0+/H+ ra- 
tio during storms is also a storm-only effect, as it is 
not observed for substorms on their own. We have 
shown that the compositional changes associated with 

substorms do not have an effect on Dst and can be 
ignored. 

For substorms the ring current intensification is less 
and only at lower energies, and occurs further out at 
L-values between 5 and 7. All these factors explain the 
moderate effect on Dst. A rough correlation of AE to 
Dst shows that a series of AE ~ 800-1000 nT events 
leads to a change in Dst of ~ 30 nT. Applying this 
rough relation to the 9/10 Oct storm, which showed 
1400nT AE substorms during the storm main phase, 
this would lead to a substorm contribution to the min- 
imum Dst observed of ~ 45nT or 30%. However, 
this should be detectable by a fairly strong substorm- 
related increase in the particle populations at higher 
L, which is not observed. 

A possible explanation of this is that the substorm 
injections during the main phase of a storm occur 
when the magnetosphere is much distorted, so that 
injections at higher L do not complete a full drift and 
never form into a symmetrical ring current, whereas 
substorm injections do create a symmetrical rung cur- 
rent, which forms further out by about one Earth ra- 
dius compared to the normal ring current. This result 
supports the findings of McPherron [1997] who con- 
cluded that substorms do not contribute to the storm 
main phase Dst. 

We can thus conclude that while substorms may 
not play a role in ring-current dynamics during the 
disturbed storm main phase, repeated substorm ac- 
tivity does form a symmetric ring current at higher L 
thus contributing to Dst. 

The ion composition measurements showed a strong 
contribution of 0+ during storms. Final storm recov- 
ery seems to be more controlled by the recovery of the 
heavy ions. For substorms ions composition is a mi- 
nor effect in relation to Dst. However we note here the 
He++ observations which show clear solar wind access 
to the inner magnetosphere. The delayed response 
indicates that this is not direct access but rather a 
result of the front-side reconnection / tail convection 
scenario. 
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